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SAXSa b s t r a c t
Domain motions are essential to many catalytic mechanisms in enzymes but they are often difﬁcult
to study. X-ray crystal structures can provide molecular details of snapshots of catalysis but many
states important in the cycle remain inaccessible using this technique. Phosphoglycerate kinase
(PGK) undergoes large domain movements in order to catalyse the production of ATP. PGK is the
enzyme responsible for the ﬁrst ATP generating step of glycolysis and has been implicated in onco-
genesis and the in vivo activation of L-nucleoside pro-drugs effective against retroviruses. Its mech-
anism requires considerable hinge bending to bring the substrates into proximity in order for
phosphoryl transfer to occur. The enzyme has been the subject of intense study for decades but
new crystal structures, methods in solution scattering and modelling techniques are throwing light
on the dynamics of catalysis of this archetypal kinase. Here, I argue that Brownian forces acting on
the protein are the dominant factor in the catalytic cycle and that the enzyme has evolved measures
to harness this force for efﬁcient catalysis.
 2013 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Cellular metabolism and communication are reliant on en-
zymes that catalyse speciﬁc reactions. These proteins perform an
enormous variety of chemistry very efﬁciently, often using large
conformational changes or domain movements in order to effect
catalysis [1]. Determining the extent and frequency of these mo-
tions is, therefore, extremely important in the basic understanding
of an enzyme’s function. X-ray crystallography and NMR can pro-
vide molecular details of snapshots during an enzyme’s reaction,
but the dynamics of these transitions are often lost. Numerous
techniques exist to investigate these movements, such as small an-
gle scattering (SAS) using either neutrons [2] or X-rays [3], ﬂuores-
cence resonance energy transfer [4–8] (FRET), neutron spin echo
spectroscopy [9,10] (NSE) and computational methods such as nor-
mal mode analysis [11,12] (NMA) and molecular dynamics. All of
these methods provide insights into domain motions but lose the
essential molecular details needed for a full picture of catalysis.
The combination of two or more of the above techniques with high
resolution structural data and computation is starting to reap greatrewards as both molecular and time resolved details of domain
motions can be determined and modelled [13–15].
An excellent system for studying these types of reaction is phos-
phoglycerate kinase (PGK). An important enzyme that has been
studied for many years, its catalytic mechanism is dependent on
a large ’hinge-bending’ movement to bring its substrates into close
proximity for catalysis to occur [16]. PGK catalyses the seventh
step in glycolysis and is the ﬁrst enzyme in the pathway to produce
energy, rather than consume it, by the creation of two molecules of
ATP from the two molecules of 1,3-bisphospoglycerate produced
from glucose in earlier steps. As a major bottleneck in glycolysis,
PGK is a target for drugs against anaerobic pathogens, such as Try-
panosoma and Plasmodium, the causative agents of Sleeping sick-
ness and Malaria, which depend solely on glycolysis for energy
metabolism [17]. In addition to its metabolic role, the phos-
phoryl-transfer activity of PGK is important in the processing of
anti-retroviral pro-drugs that take the form of L-nucleoside ana-
logues effective against HIV and hepatitis [18]. The rate-limiting
step in the in vivo activation of these compounds has been demon-
strated to be the addition of a third phosphate by PGK [19–22].
More recently, it has been found that PGK activity is used as a sig-
nalling mechanism in oncogenesis, where it displays activity as a
disulphide reductase [23,24]. A complete understanding of the
mechanism functioning of this enzyme is thus essential to improve
the processing of pro-drugs and to deﬁne its signalling activity in
cancer.
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ject of study using a wide range of techniques over many years
[16,25–30]. However, efforts have been hampered by the absence
of a structure of the fully closed conformation and molecular and
temporal details of domain closure and their relation to catalysis.
The use of transition state analogues (TSA) of phosphoryl transfer
in the form of the metal ﬂuorides aluminium tetraﬂuoride and
magnesium triﬂuoride led to the solution of the ﬁrst fully closed
conformation of PGK as these complexes trapped the enzyme in
the active, closed conformation [31]. The high resolution structures
of these complexes, in combination with 19F NMR, have revealed
the transition state of the reaction in unprecedented detail. Com-
bining these atomic details with low resolution data from small an-
gle X-ray scattering has added the spatiotemporal details of the full
reaction to reveal a spring like mechanism that acts against Brown-
ian and electrostatic forces, leading to efﬁcient catalysis [32]. In
this review I will summarise what is known about the catalytic
mechanism of PGK and discuss recent solution studies that deﬁne
the timing and extent of the domain motions in unprecedented
detail.
2. Phosphoryl transfer
PGK is composed of two domains with the 3PG or 1,3BPG
binding site in the N-domain and the nucleotide binding site in
the C-domain (Fig. 1). In the absence of substrates, the enzyme
is in an open conformation in which the two sites are separated
and exposed to the solvent for rapid substrate/product exchange.
In order for catalysis to occur, hinge bending leads to a closed
conformation that results the formation of the active site and
the correct placement of the substrates for nucleophilic attack
[16,32]. Extensive structural studies have been carried out on
the open form of PGK [29,33–35] and complemented with bio-
chemical studies [5,28,30,36–40]. The ﬁrst structures of a closed
form were, until recently, obtained only for the enzymes from
Trypanosoma brucei and Thermotoga maritime[25,27]. These latter
structures demonstrated the closing of the large cleft that sepa-
rates the two substrate sites, thereby bringing the bound PG
and ADP together. A major step forward in the understanding of
catalysis by PGK was the determination of the structure of transi-
tion state analogue (TSA) complexes [31]. These complexes de-
ﬁned for the ﬁrst time the nature of the state of PGK
responsible for its catalytic activity, in particular demonstrating
a triplet of positively charged residues that surround the transfer-Fig. 1. The structures and domain rearrangement extremes of PGK. PGK is composed of
(red) that binds nucleotide and a hinge region (blue) that links them. A rotation of 56 abo
where a phosphate group (grey in the closed conformation) is transferred from 1,3BPGring phosphate group and perfectly balance the charge of the sub-
strates, an important feature in catalysis [41,42]. The active state
of the enzyme implied that neutralising the negative charge on
the transition state was essential as a residue previously thought
not to interact in the active site, K219, was observed to directly
coordinate the TSA (Fig. 2). In order to test this theory, the com-
plex with aluminium tetraﬂuoride, A1F4 , was studied both in the
natural enzyme and in a mutant enzyme where one of the impor-
tant positive charges had been removed (K219). 19F NMR of these
systems revealed that one of the ﬂuoride resonances is lost upon
deletion of the positive charge, implying that aluminium triﬂuor-
ide, AlF3, was bound instead of negatively charged AlF

4 (Fig. 2).
The X-ray crystal structures of these complexes conﬁrmed that
when the charged residue is removed, the neutral species AlF3
is bound, thus maintaining the balance of charge in the active site.
As both AlF4 and AlF3 are present in solution, the enzyme selec-
tively binds the species whose charge it matches. Charge balance
is likely to be important in transition state stabilisation by phos-
phoryl transfer enzymes because, at neutral pH, the attack of a
dianionic phosphate group by a negatively charged nucleophile
is extremely unfavorable. These results show that when presented
with two substrates with different charges the enzyme binds that
which its active site charge matches exactly and imply that en-
zymes have evolved to counteract substrate repulsion through
tuning the active site to the charge of the transition state.
3. Dynamics of domain closure
Crystal structures determined over the years have made it clear
that domain closure was a feature of catalysis in PGK [25–
27,29,34,35,43,44]. Horse muscle PGK was an early protein to be
studied by X-ray crystallography [16]. Its open structure suggested
a hinge bending mechanism would be likely in order for the cata-
lytic site to be formed. However, the extent and timing of hinge
bending has, until recently, remained unknown. Pioneering studies
in the 1980s and later hinted at domain closure being induced by
substrate binding [30,45–47]. These studies used small angle scat-
tering and found that the size of the particles decreased when sub-
strates (3PG, ATP and ADP) were included in buffers. However, the
model of substrate induced domain closure cannot explain the
mechanism of domain opening once the products have been
formed, particularly as the products are not signiﬁcantly different
from the substrates. The availability of crystal structures of both
the open and fully closed conformations, from the same species,an N-terminal domain (green) that binds phosphoglycerate, the C-terminal domain
ut the hinge region brings the substrates (shown as Van der Waals spheres) together
to ADP to form ATP.
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bined with these data.
First, SAXS measurements were used to examine the resting,
open state of the enzyme when no substrates are bound. By com-
paring the SAXS envelope determined for the protein in solution to
crystal structures of this conformation it was found that the en-
zyme adopts a more open position in solution than previously
thought (Fig. 3A). Various states of the enzyme in catalytic turn-
over were then also investigated in solution, as well as the fully
closed conformation trapped with aluminium ﬂuoride. This pro-
vided a full set of solution data on all states of the enzyme. By com-
paring the crystal structures of the enzyme in different
conformations to the solution scattering data obtained during cat-
alytic turnover, the relative contribution of each state to the SAXS
intensity distribution can be obtained. This is a signiﬁcant differ-
ence in interpretation of PGK SAXS data, where the curves areFig. 2. Top: 19F NMR spectra of (A) the hPGK–3PG–MgF3–ADP TSA complex
(FA ¼ 153; FB ¼ 156; F1 ¼ 161 ppm). The most upﬁeld F resonance is
assigned as F1. The assignment of the other 19F resonances is ambiguous and
therefore the resonances are labeled alphabetically from left to right on the basis of
chemical shift. Free ﬂuoride in solution resonates at 119 ppm. (B) The hPGK–3PG–
AlF4–ADP complex (FA ¼ 136; FB ¼ 138; FC ¼ 141; F1 ¼ 146 ppm). Again,
the most upﬁeld 19F resonance is assigned as F1. The other resonances are labeled
alphabetically from left to right on the basis of chemical shift and do not necessarily
indicate equivalence of nuclei between the spectra. (C) The hPGK(K219A)–3PG–
AlF3–ADP complex (FA ¼ 135; FB ¼ 137; F1 ¼ 143 ppm). Bottom: Electron
density in the active site of hPGK–3PG–MgF3–ADP complex solved at 1.47 Å
resolution. The difference electron density for MgF3– before its inclusion in the
model is shown as a green mesh contoured at 3r. The electron density for the 3PG
and ADP ligands is shown as a blue mesh contoured at 1.5r.treated as an average of an ensemble of states rather than the re-
sult of a single conformation. Surprisingly, it was found that even
in full catalytic turnover (Fig. 3B), the enzyme spends only 7% of
its time in the fully-closed, catalytically-active conformation and
remains in the fully-open conformation most of the time. To deﬁne
the origin of the stability of the open conformation, a detailed
model of the molecular interactions of this state was required.
However, as SAXS can only provide data to around only 1.5 nm
(15 Å) resolution, these details are absent. By reﬁning the atomic
positions of a crystal structure against the SAXS envelope and
applying deformable elastic network (DEN) protocols [48,49], a
high resolution model of the fully open conformation observed in
solution was obtained. DEN reﬁnement allows the accurate deter-
mination of molecular structures by retaining contacts determined
at high resolution while reﬁning this conformation against low res-
olution data. The most striking feature of the new model was the
extent of domain opening. The two domains require a 56 rotation
in order to form the closed conformation (Fig. 1). The most open
crystal structure previously observed requires only a 30 rotation.
This places the substrates at a distance of 16 Å before domain clo-
sure reduces this distance to 4 Å. Once freed from the crystal lat-
tice, the true conformation of the enzyme was revealed. Analysis
of this model showed that a large, solvent-exposed hydrophobic
patch present in the closed conformation is masked from solvent
in the open conformation (Fig. 4A). The patch is only excluded from
solvent after a rotation of 50, leading to an explanation of the de-
gree of domain opening. The occlusion of this hydrophobic region
from the solvent could account for the preference of PGK to adopt
an open conformation, as this will be thermodynamically more sta-
ble and implies that, while the enzyme constantly moves between
the open and closed states, it has an energetic preference for the
open conformation.
Other forces are also at work within the enzyme. Mutational
analysis and crystal structures have shown that ionic interactions
between the domains are an important feature of catalysis
[32,43]. Complementary charged regions exist on the opposing do-
mains that will stabilise the closed conformation when it is formed
(Fig. 4B). While substrate binding may not induce domain closure,
what effect does it have on the enzyme? Crystal structures of the
open conformation of the enzyme were used to determine the ef-
fect of substrate binding on the residues involved in the regions in-
volved in electrostatic interactions. The availability of a crystal
form of the open conformation, in the absence of either phosphate
or sulphate, allowed soaking studies to be performed and the
observation of the effects of different nucleotides and analogues
on the binding sites [32,50,51]. It was found that only on substrate
binding are the residues positioned correctly to interact in the fully
closed conformation. Binding of both nucleotide and phosphoglyc-
erate stabilise loop conformations and pocket formation that form
essential interactions once in the closed conformation. This will
prevent stabilisation of the conformation in the absence of sub-
strates that would otherwise lower catalytic efﬁciency.4. The catalytic cycle
A full picture of catalysis by phosphoglycerate kinase can now
be drawn. In the absence of substrates PGK remains in a wide open
conformation with ligand binding sites fully exposed to the sol-
vent. Recent SANS and NSE studies have shown that the enzyme
is subject to Brownian forces that will drive domain closure on a
timescale of 50 ns, a rate that is in accord with kinetic turnover
rates [52,53]. When domain closure occurs, electrostatic forces
then come into play. If substrates have been bound, residues are
perfectly placed to stabilise the closed conformation. In this case,
the active site is formed, the charge on the substrates is perfectly
Fig. 3. (A) The fully-open resting state of the enzyme deﬁned by DEN reﬁnement against SAXS data. SAXS data allowed a low resolution envelope of the enzyme in the
absence of substrates to be determined ab initio (blue mesh). This was used as a target for reﬁnement of an atomic resolution structure to produce a model of this
conformation (ribbons, coloured as before). (B) The ab initio model of PGK in catalytic turnover with ATP and 3PG. The model accommodates all conformations of PGK from
fully open (cyan) to fully closed (magenta) via a half closed conformation (yellow). The open conformation dominates, contributing 92.5% of the observed scattering.
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nucleophilic attack by the b-phosphate oxygen atom of ADP, allow-
ing the formation of ATP. If no substrates are bound, the enzyme
will quickly return to the open conformation ready to bind sub-
strates. The electrostatic interactions that stabilise the active site
must not be allowed to form an energy minimum in order to pre-
vent hydrolysis of the newly formed ATP or inefﬁciency resulting
from lengthy periods spent in a solvent occluded conformation.
This is where the large hydrophobic patch will act against the elec-
trostatically stabilised conformation, working as a ’spring’, con-
stantly applying pressure against the closed conformation andFig. 4. Fig. 4 (A) Surface representation of the transition from fully open to fully closed (le
the enzyme moves to the fully closed conformation a hydrophobic patch is exposed (92 Å
potential representation (blue, positive; red, negative; white, neutral of the solvent acces
the binding sites for ligands are well separated and exposed to the bulk solvent. The com
Ligands are shown as Van der Waals spheres.leading to efﬁcient release of products after catalysis. As the pro-
tein returns to the stabilised open conformation the binding sites
are exposed to solvent and ATP and 3PG are released leaving the
sites free to receive substrates again.
Many enzymes make use of biased Brownian motion using
additional forces or energy input [15,54–57]. PGK is common to
all organisms and is very ancient as it is likely to have evolved be-
fore the accumulation of oxygen in the earth’s atmosphere. The
simple movements harnessed by PGK are a possible example of
the initial use of natural motions in catalysis before more complex
systems, such as ATP synthase, evolved.ft to right). Residues involved in hydrophobic interactions are coloured magenta. As
2 in the open conformation to 502 Å2 in the closed conformation). (B) Electrostatic
sible surface from the open to closed conformation. In the fully open conformation
plementary charged areas that stabilise the closed conformation can easily be seen.
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The interpolation of crystal structures and SAXS data, in combi-
nation with advanced modelling protocols, has allowed a complete
picture of the reaction cycle to be deﬁned. Domain ﬂuctuations oc-
cur through Brownian motion, with the protein biasing these mo-
tions in its catalytic favour by stabilising both substrate exchange
and catalytic conformations with a predisposition to substrate/
product exchange. The presence of a hydrophobic patch that is ex-
posed in the catalytic conformation and only occluded in the fully
open conformation hints at a mechanism for the bias towards this
form. Many protein conformations have hydrophobic patches of
unknown function [58,59]. While many of these areas may be in-
volved in protein–protein interactions, some could also be involved
in the biased use of Brownian dynamics. Further analysis combined
with crystal structures, solution studies, computational modelling
and mutation analyses will be needed to test this hypothesis. The
remaining question to be answered for PGK is how phosphoryl
transfer occurs once the active site is formed in the closed confor-
mation. The TSA structures deﬁne all the residues involved in catal-
ysis and place the substrates in close proximity to each other
hinting at a tight transition state. Structures of the fully closed con-
formation in complex with substrates or ground state analogues
will be necessary in order to deﬁne the positions of substrates
and products during nucleophilic attack and phosphoryl transfer.
These structures should throw light on the chemistry of this step
in the catalytic cycle.
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